H eart failure affects more than 5 million people in the United States, and there are 500 000 new cases diagnosed each year. 1 Despite improvements in medical therapy, outcomes remain poor, with a 5-year mortality approaching 50% in symptomatic patients. Risk stratification of heart failure patients is critical to apply potentially costly and invasive therapies (such as cardiac resynchronization therapy or ventricular assist devices) to those patients most likely to benefit.
Clinical Perspective on p 78
Biomarkers play an increasingly important role in the risk stratification of heart failure patients. 2 The natriuretic peptides B-type natriuretic peptide (BNP) and amino-terminal proB-type natriuretic peptide (NTproBNP) are released in response to myocardial stress and have been shown to be powerful markers of prognosis in heart failure. 3 There remains a need to identify and evaluate newer biomarkers that may reflect different pathophysiologic mechanisms to improve risk stratification and also to individualize therapy. Galectin-3, a soluble ß-galactoside-binding lectin released by activated cardiac macrophages, has been shown to play an important role in pathological ventricular remodeling in animal models, 4 and elevated levels of circulating galectin-3 have previously been found to be associated with adverse outcomes in patients with both undifferentiated dyspnea 5 and in heart failure patients before discharge from a heart failure hospitalization. 6 Few data are available on the relationship between galectin-3 and outcomes in ambulatory heart failure patients. [7] [8] [9] Accordingly, we sought to evaluate the association of circulating galectin-3 levels with other measures of heart failure status and with long-term clinical outcomes in a cohort of ambulatory heart failure patients enrolled in the HF-ACTION study, a large, multicenter, randomized trial of exercise training in heart failure.
Methods
Details of the design, rationale, and primary results of the HF-ACTION study have been published elsewhere. 10, 11 Briefly, HF-ACTION (clinicaltrials.gov, NCT00047437) was a randomized, clinical trial evaluating the effect of exercise training versus usual care on long-term morbidity and mortality in patients with chronic heart failure due to left ventricular systolic dysfunction (New York Heart Association [NYHA] class II-IV, left ventricular ejection fraction [LVEF] Ͻ0.35). The primary end point of HF-ACTION was a composite of all-cause mortality and all-cause hospitalization over a median follow-up of 2.5 years. An independent clinical events committee adjudicated deaths and first cardiovascular hospitalizations. HF-ACTION was approved by local institutional review boards, and all enrolled patients provided written informed consent.
Biomarker Assays
A subset of patients enrolled in the HF-ACTION study who agreed to participate in the biomarker substudy underwent plasma collection at baseline, 3 months, and 12 months. Baseline blood samples were obtained on the same day as baseline exercise testing but were obtained before exercise. Samples were collected via peripheral vein into EDTA-containing tubes and then centrifuged immediately and stored at Ϫ70°C for subsequent analysis. Galectin-3 levels were assessed on baseline samples, using enzyme-linked immunosorbent assay at an academic core laboratory that was blinded to clinical data.
Statistical Analysis
Baseline characteristics are described using medians and intraquartile ranges or proportions. The relationship between galectin-3 levels and other baseline variables of interest was analyzed using simple correlations. Additionally, we created a linear regression model with galectin-3 as a dependent variable to identify clinical factors most associated with elevations of galectin-3 levels.
The primary outcome variable of interest was time to all-cause hospitalization or all-cause mortality, which was the primary outcome of the HF-ACTION study. We also evaluated the secondary outcomes of cardiovascular death or cardiovascular hospitalization, cardiovascular death or heart failure hospitalization, and all-cause mortality. We analyzed the relationship between galectin-3 and outcomes of interest by using a series of Cox proportional hazards models, including adjustment for demographics alone (age, sex, race) as well as for the more comprehensive set of predictors that had been identified in the final adjusted model for the overall HF-ACTION cohort (see online-only Data Supplement Appendix for final adjusted model for each end point). Although it had not been part of the modeling process for the overall HF-ACTION trial because it was not available in the entire cohort, we additionally examined each model with and without NTproBNP, given its known strong association with outcomes in chronic heart failure. 10 Because the final adjusted model from the overall HF-ACTION dataset included variables from cardiopulmonary exercise testing (CPX), which is not routinely performed in many centers, we examined each adjusted model with and without CPX variables. Covariates were transformed as required to ensure that linearity assumptions were met for survival analysis. After assessment of various methods for handling galectin-3, including log transformation, the best model fit was provided by handling galectin-3 as a continuous variable with truncation at the extreme values (Ͻ8 ng/mL and Ͼ25 ng/mL) to avoid violation of the linearity assumption.
In an additional analysis, we evaluated the relationships between NTproBNP and galectin-3 and the prognostic value of concordant versus discordant values for these 2 biomarkers. For this analysis, we analyzed 4 groups defined by dividing each variable at the median value (galectin-3 low-NTproBNP low, galectin-3 high-NTproBNP low, galectin-3 low-NTproBNP high, and galectin-3 highNTproBNP high) and evaluating the hazard ratio of each category (compared with reference category of galectin-3 low-NTproBNP low.) A probability value Յ0.05 was considered statistically significant for all analyses.
Results
Evaluable baseline plasma samples were available for 895 patients, and baseline characteristics for this study cohort stratified by median galectin-3 levels are shown in Table 1 . Median age of the study cohort was 59 years; 64% were white, and 71% were male. The median NT-proBNP level was 848 pg/mL and the median LVEF was 24%. Enrolled patients had a high utilization of guideline-based medical therapy for systolic heart failure, with 95% receiving ␤-blockers and 74% receiving angiotensin-converting enzyme inhibitors. The subset of patients with available plasma samples for analysis (nϭ895) was broadly similar to the HF-ACTION cohort as a whole (nϭ2331, data not shown). The median galectin-3 level in this study cohort was 14.0 ng/mL (interquartile range, 11.0 -18.6).
Association of Galectin-3 With Other Measures of Heart Failure Status
Patients with elevated galectin-3 levels had many other characteristics known to be associated with increased risk, including higher NYHA class, lower systolic blood pressure, higher creatinine, higher NTproBNP, and lower maximal oxygen consumption (Table 1 ). In linear regression modeling to identify clinical factors associated with elevated galectin-3, the strongest associations were for elevated blood urea nitrogen (Fϭ73.3, PϽ0.0001), elevated creatinine (Fϭ31.2, PϽ0.0001), and older age (Fϭ14.4, PϽ0.0002). A variety of other candidate variables, including sex, race, heart failure etiology, NTproBNP, and ejection fraction, were not significant independent predictors of galectin-3 levels. Galectin-3 levels were modestly correlated with measures of exercise capacity such as maximal oxygen consumption (rϭϪ0.25, PϽ0.001), exercise duration on CPX test (rϭϪ0.27, PϽ0.001), and 6-minute walk distance (rϭϪ0.23, PϽ0.001) ( Figure 1 ).
Relationship to NTproBNP
Given the strong and consistent relationship between natriuretic peptides and prognosis in heart failure, there is substantial interest in the relationship between novel heart failure biomarkers and the natriuretic peptides. There was a modest correlation between NTproBNP levels and galectin-3 levels (rϭ0.3, PϽ0.001). When evaluated by groupings examining above and below the median for each biomarker, NTproBNP and galectin-3 were discordant for 292 of 815 subjects (36%), divided approximately equally between low-NTproBNP high galectin-3 (nϭ144) and high-NTproBNP low galectin-3 (nϭ148). Compared with a reference group with low-NTproBNP low galectin-3, there was a progressively increased hazard for low-NT-proBNP high galectin-3 (hazard ratio [HR], 1.32; Pϭ0.03), high-NT-proBNP low galectin-3 (HR, 1.75; PϽ0.0001), and high-NT-proBNP high galectin-3 (HR, 2.19; PϽ0.0001) (Figure 2 ).
Galectin-3 and Outcomes
Of 895 patients, 637 (71%) reached the primary outcome of the composite of all-cause hospitalization or all-cause mortality, and 168 of 895 patients (19%) died over a median follow-up period of 32 months. The distribution of galectin-3 levels in patients who did and did not reach the primary outcome is shown in Figure 3 . In univariable analysis, there was a significant association between elevated galectin-3 levels and the primary end point of all-cause hospitalization or all-cause mortality (unadjusted HR, 1.14 per 3-ng/mL increase in galectin-3; PϽ0.0001).
To evaluate the relationship of galectin-3 and outcomes in the context of other known predictors, a series of multivariable models were constructed to determine the relationship between galectin-3 and the primary outcome of all-cause death or rehospitalization (Table 2 ). Galectin-3 remained predictive of the primary end point after adjustment for age, race, and sex (adjusted HR for galectin-3, 1.13 per 3-ng/mL increase; PϽ0.001) and after further adjustment for other covariates from the final adjusted model when CPX variables were excluded (adjusted HR for galectin-3, 1.08 per 3-ng/mL increase; Pϭ0.007). However, for each model, the independent association between galectin-3 and outcome no longer reached significance after the inclusion of NTproBNP in the model. In a final model adjusting for all predictors of the primary end point in the HF-ACTION dataset as a whole (peak VO 2 [as Weber class], sex, region, mitral regurgitation severity, ventricular conduction on ECG, blood urea nitrogen, EF, ␤-blocker dose, and Kansas City Cardiomyopathy Ques- tionnaire symptom stability score) as well as NTproBNP, there was no evidence for an independent association between galectin-3 and outcomes (adjusted HR, 1.00 per 3-ng/mL increase; Pϭ0.90).
Similar results were found for other outcomes. For the composite of cardiovascular death or cardiovascular hospitalization, galectin-3 was a significant predictor in univariate analysis (HR, 
Galectin-3 and Response to Exercise Training
Given the unique nature of the randomized intervention in the HF-ACTION study (exercise training), we examined the interaction between baseline galectin-3 levels and treatment assignment. There was no significant interaction between galectin-3 levels and exercise training for any of the 3 study end points (Pϭ0.55 for all-cause death or hospitalization, Pϭ0.91 for cardiovascular death or cardiovascular hospitalization, and Pϭ0.34 for cardiovascular death or heart failure hospitalization).
Discussion
Galectin-3 is a novel biomarker that has been shown to mediate fibrosis in a variety of organ systems, including the heart. In animal models, galectin-3 mediates ventricular remodeling and administration of galectin-3 leads to a phenotype of progressive fibrosis and LV systolic dysfunction. 4 These observations have led to interest in galectin-3 as a potential heart failure biomarker that could reflect ongoing ventricular remodeling. In previous studies, galectin-3 has been shown to be predictive of outcome in patients at the time of hospitalization 5 or discharge from an acute heart failure hospitalization. 6 The current study is the largest analysis to date of the association between galectin-3 and outcomes and has the most comprehensive adjustment of other covariates that have been shown to predict outcome in chronic heart failure, including data from CPX. In our analysis, galectin-3 was significantly associated with outcome in univariate analysis as well as in multivariable analyses that excluded CPX variables and NTproBNP, but this independent relationship did not persist in adjusted models that included CPX variables and/or NTproBNP.
Galectin-3 and NTproBNP
The natriuretic peptides have emerged as the most well validated biomarkers in heart failure and are recommended by current guidelines for both establishing diagnosis in patients with acute dyspnea as well as in risk stratification of patients with chronic heart failure. 11 Because elevations in galectin-3 are thought to reflect a different pathophysiologic axis (changes in extracellular matrix leading to ventricular remodeling) than the natriuretic peptides, there is substantial interest in the relationship between galectin-3 and natriuretic peptide measurements. In an analysis comparing 4 groups defined by whether each marker was elevated above the median or not, patients with both markers elevated had a Ͼ2-fold risk (HR, 2.19) of reaching the primary outcome compared to those with both markers below the median. These findings are similar to previous data in patients with both acute heart failure and chronic heart failure. [5] [6] [7] However, when galectin-3 and NTproBNP were both considered as continuous variables, the inclusion of NTproBNP in any of the multivariable models generally attenuated the prognostic significance of galectin-3, and galectin-3 was not a significant independent predictor of outcome in any model that included CPX variables and/or NTproBNP.
Our results differ from other published findings that have suggested that galectin-3 in an independent predictor of outcome in heart failure. Our findings are unlikely to represent type II error (ie, inadequate statistical power) because our study is the largest study of galectin-3 to date and has more events (637 events for the primary end point) than the other 3 published studies in ambulatory heart failure patients combined. 6, 7, 9 One alternative explanation for these differences is that our analysis had more robust adjustment for other covariates than did prior studies. Given that peak VO 2 and NTproBNP are among the strongest known predictors of outcome in patients with heart failure, their inclusion in multivariable models makes it more difficult for additional predictors (such as galectin-3) to provide independent prognostic information. Biomarkers may potentially be useful, even if they do not add information, if they can simplify prognostication by eliminating the need for expensive testing or difficult-to-obtain data (such as results from CPX testing). However, our data generally do not suggest significant added prognostic utility for galectin-3 even when CPX variables were excluded from the model, particularly when NTproBNP is included. Prior studies have generally adjusted for a much smaller number of covariates and have not had data from CPX testing. In a recent study by De Boer, galectin-3 remained significant after adjustment for several covariates but was no longer significant after adjustment for LVEF. 6 In an analysis of data from the DEAL study, galectin-3 persisted as a significant predictor after adjustment for age, sex, NTproBNP, and estimated glomerular filtration rate. 7 Additionally, the HF-ACTION cohort, which included ambulatory heart failure patients able to be randomly assigned into a structured exercise program, was generally healthier than patients in previous studies. The median galectin-3 level (14.0 ng/mL) was similar to that in the study by Tang et al 9 but lower than that in the COACH study (20.0 ng/mL) 6 and the DEAL study (17.6 ng/mL). 7 Whether the relatively lower galectin-3 levels in our population contributed to the difference in our results compared with other studies is unknown. HF-ACTION was also limited to patients with systolic dysfunction (EF Ͻ0.40), and data from de Boer et al suggested it may be a more useful marker in patients with heart failure and preserved systolic function. 6 Finally, we studied ambulatory heart failure patients, and the prognostic performance of galectin-3 may differ in those with acute decompensation. 5 Although much of the focus in the assessment of new biomarkers in heart failure has focused on diagnosis and risk stratification, other potential indications for biomarkers may be of equal or greater importance. In particular, the development of markers that can aid in guiding therapy would be a major advance in heart failure management. Multiple studies have investigated the role of natriuretic peptides in guiding chronic heart failure therapy, 12 but data on other markers to guide therapy are lacking. In animal models, galectin-3 appears to be a mediator of ongoing fibrosis and remodeling of the extracellular matrix, a process that plays a potentially important pathophysiologic role in heart failure progression. Echocardiographic data have correlated galectin-3 levels with measures of diastolic function in some studies 13 but not in others. 9 This raises the question as to whether assessment of galectin-3 could identify specific subsets of patients who might be more likely to respond to agents targeting fibrosis or, conversely, whether elevated galectin-3 levels could identify individuals with ongoing fibrosis who might be unresponsive to conventional heart failure therapy, as suggested by a recent analysis from the CORONA study. 14 These hypotheses require further studies in order to fully elucidate the role of galectin-3 in heart failure management.
Conclusions
In a large, well-treated cohort of ambulatory patients with systolic heart failure, galectin-3 was associated with poor functional capacity and other known markers of disease severity. NTproBNP and galectin-3 appeared to provide complementary prognostic information when examined in isolation. However, after multivariable adjustment for a large number of clinical variables, including NTproBNP and data from CPX testing, galectin-3 was no longer a significant predictor of any of the cardiovascular outcomes examined in our study. Whether galectin-3 may have other potentially important uses in heart failure, such as predicting response to therapy, remains unknown.
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